Abstract The performance of a sewage treatment system consisting of a settler followed by an Upflow Anaerobic Sludge Bed (UASB) reactor is described. Mean ambient and sewage temperature were 16.5 and 21.6°C, respectively. Total Chemical Oxygen Demand (CODt) concentration averaged 224.2 and 152.6 mg/L, for raw and settled sewage, respectively. The effluent concentration was 68.5 mgCODt/L. Total and suspended COD removal efficiencies of approximately 70 and 80%, respectively, have been observed in the system at a mean Hydraulic Retention Time (HRT) of 2 + 5 h. Maximum COD removal efficiency was achieved in the UASB reactor when upflow velocity (V up ) was 0.43 m/h (HRT = 6 h). Mean Specific Methanogenic Activity (SMA) and Volatile Suspended Solids (VSS) concentration in the granular sludge bed were 0.11 gCOD-CH 4 /gVSS.d and 30.0 gVSS/L sludge , respectively. SMA was inversely related to VSS concentration, and both parameters varied along the sludge bed height. The Solids Retention Time (SRT) in the reactor was 450 days. Sludge characteristics have not been affected by changes of up to one month in V up in the range 0.28-0.85 m/h (HRT 3-9 h). This system or two UASB reactors in series could be an alternative for sewage treatment under moderate temperature conditions.
Introduction
The application of upflow anaerobic sludge blanket reactors (UASB) to sewage treatment has been limited so far to tropical countries (Seghezzo et al., 1998) . Anaerobic digestion of sewage is retarded at low temperatures (<20°C) because the process of hydrolysis, the ratelimiting step, becomes slow and suspended solids from the influent may accumulate in the reactor deteriorating the quality of the sludge and reducing the treatment efficiency (Elmitwalli, 2000) . Primary sedimentation of sewage before anaerobic treatment or twostage anaerobic systems may be useful to spread the application of anaerobic technology into regions with temperature limitations. In two-stage systems, the first stage retains most of the particulate fraction, which can then undergo a partial hydrolysis. The second stage further improves the removal of suspended solids and degrades influent and newly formed soluble compounds, eventually leading to the formation of a granular sludge bed (van Haandel and Lettinga, 1994; Wang, 1994) . In fact, granulation was observed in reactors treating pre-settled sewage (van der Last and Lettinga, 1992; Seghezzo et al., 2000) . Conventional primary sedimentation tanks (settlers) can be used to remove solids from raw sewage before anaerobic treatment is applied, but Wang (1994) showed that two-stage upflow anaerobic systems are more efficient. The Specific Methanogenic Activity (SMA) measures the maximum potential of a reactor to produce CH 4 and can give an indication of the variability in sludge quality along the reactor height. As sludge withdrawal has to be performed periodically in anaerobic reactors (Cavalcanti et al., 1999) , differences in SMA along the sludge bed could be a useful tool for rational sludge management. The least active sludge should be disposed of while the most active layers could be used as inoculum for new reactors. The density of the sludge should also be considered, especially when the sludge, for any reason, cannot be dewatered on the spot and is going to be transported long distances. Hydraulic Retention Time (HRT) and upflow velocity (V up ) may influence the distribution of the sludge, eventually segregating layers based on density differences. HRT also determines the Solids Retention Time (SRT) that can be reached in the reactor (Zeeman and Lettinga, 1999) . COD removal efficiency at different V up has been studied in the past in full-scale reactors, but a clear relationship could not be found (Wiegant, 2001) . The development of proper tools to operate anaerobic reactors under local conditions is necessary to achieve a maximum removal efficiency and a satisfactory sludge stabilization, and will certainly help the transfer of anaerobic technology for sewage treatment in countries or regions in which it is not yet applied at full-scale level. The objectives of this work were the following: a) study the long-term performance, in terms of COD removal efficiency, of a sewage treatment system consisting of a settler followed by a UASB reactor, b) determine SMA and Volatile Suspended Solids (VSS) profiles over the sludge bed of the UASB reactor, and c) study the effect of V up on COD removal efficiency and SMA in the UASB reactor. Some recommendations are made for the operation of UASB reactors for sewage treatment in the region.
Materials and methods
The experiments were performed in the city of Salta, Argentina (population 500,000), located at 24°latitude south and 1,300 m above sea level. Mean ambient temperature is 16.5ºC (Arias and Bianchi, 1996) . Sewage temperature goes from 16ºC in winter to 25ºC in summer with an annual mean of 21.6ºC. Sewage temperature can be considered constant during the day and throughout a given season. The layout of the system is presented in Figure 1 . The settler had a volume of 4,400 m 3 (diameter = 42 m; height at the edge = 2.90 m; total height in the centre = 4.40 m; sludge channel height = 2.60; sludge channel width = 4.50 m). Before entering the settler, raw sewage undergoes preliminary treatment (screens and grit chamber). The UASB reactor had a working volume of 500 L (height = 2.55 m; diameter = 0.5 m). Fifteen sampling ports spaced 0.15 m were installed along the reactor for sludge sampling. The reactor was started up in 1995. A peristaltic pump (Watson Marlow 601 F/R Close Couple) was used to feed it. About 100 L of semi-digested sewage sludge were used as inoculum (20% v/v) . Biogas was measured with a domestic gas meter (Galileo MGD G2D1). Influent and reactor temperature have been continuously monitored with a thermograph (Novasen 3752-5-S-C). Analyses were performed according to Standard Methods for the Examination of Water and Wastewater (1995) or using HACH ® micromethods. Composite samples of raw sewage and the effluents from the settler and the UASB reactor were taken three times a week (1 L every 3 h over 24 h). The hourly samples were kept at 4ºC in 20 L plastic containers, from which representative 4 L sub-samples were taken at the end of the sampling day. Total Chemical Oxygen Demand (COD t ), paper-filtered COD (COD f ) (4.4 µm Schleicher and Schuell 595n) and membrane-filtered (dissolved) COD (COD m ) (0.45 µm membrane Schleicher and Schuell ME 25) were determined in the samples. Suspended and colloidal COD (COD s and COD c ) were calculated as COD t minus COD f , and COD f minus COD m , respectively. Sludge samples were obtained from sampling ports 2, 5, 8, 10 and 12, at 0.19, 0.64, 1.09, 1.39 and 1.69 m from the bottom of the reactor (7, 25, 43, 55 and 66% of the reactor height, respectively). SMA tests were performed at 30ºC (DET, 1994) . Total Suspended Solids (TSS) and VSS of the sludge were determined on centrifuged samples The supernatant was filtered through ash-less paper (4.4 µm Schleicher and Schuell 589) and the retained solids were added to the measured TSS/VSS. SRT was calculated for the UASB reactor according to van Haandel and Lettinga (1994) . Throughout this article, statistical comparisons and confidence intervals (CI) have been made at a level of significance (α) of 0.05 (5%).
Results and discussion COD removal efficiency
In Table 1 , mean values for different COD fractions in raw sewage, the effluent of the settler, and the final effluent are presented, together with COD removal efficiencies in the settler, the UASB reactor, and the entire system. Mean HRT applied during the experimental period (last two years) was 2 h in the settler and 5.06 ± 0.51 h in the UASB reactor. Mean organic loading rate in the reactor was 0.73 kgCOD t /m 3 reactor .d. The influent of the UASB reactor can be considered as a very low-strength domestic wastewater. In spite of that, COD removal in the reactor was relatively high, and the final effluent concentration was well below the proposed COD t discharge standard for Salta (125 mg/L) (Seghezzo et al., 2000) . COD removals were very similar to those obtained by Wang (1994) with anaerobic upflow reactors in series, except for a higher COD c removal in our system. COD m represented 44% of COD t in the final effluent. Wang (1994) found that 46% of effluent COD t after anaerobic sewage treatment was non-VFA COD m . As proposed by van der Last and Lettinga (1992) , a limited acidification of soluble COD may reduce the maximum possible removal efficiency for anaerobic treatment of (settled) sewage at low temperatures. Remnant VFA (24.54 ± 2.84 mg/L) were detected in the final effluent, an amount that could account for most of the measured COD m . Compounds other than VFA could have been included in this value, as the detailed composition was not measured. Elmitwalli (2000) L. Seghezzo et al. reported slightly higher removal efficiencies for all COD fractions when treating settled sewage at 13ºC in a UASB reactor. But in his study, influent concentration was 120% higher, V up was 85% lower (with sludge-wastewater contact facilitated by the small diameter of the reactor), experiments were performed at lab scale in a temperature-controlled room, and the reactor was inoculated with highly active granular sludge.
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Effect of V up on COD removal efficiency in the UASB reactor
An experiment was set up to assess the effect of V up on COD t removal efficiency in the UASB reactor. V up of 0.85, 0.58, 0.43, 0.36 and 0.28 m/h, corresponding to HRT of 3, 4.4, 6, 7 and 9 h, respectively, were applied for at least 30 days each to ensure (hydraulic) steady state conditions, according to the criteria proposed by Noyola et al. (1988) . At the beginning of the tests, the sludge bed was assumed to be in steady state, after more than 5 years of continuous reactor operation. The SRT calculated for the reactor was about 450 days, similar to that obtained by Elmitwalli (2000) . A 30-day long operational change represents only 2.2% of the time needed to reach a new steady state in the sludge (at least 3 SRTs) and therefore, the sludge characteristics can be considered constant during this period. In this case, changes in COD removal efficiency are assumed to reflect physical phenomena rather than changes in the treatment capacity of the sludge. By applying the equation proposed by Zeeman and Lettinga (1999) it can be shown that, under local conditions, any (reasonable) HRT will lead to a SRT long enough to ensure sufficient biological activity to treat the applied organic loading rate. As shown in Figure 2 , the maximum COD t removal efficiency (63.5 ± 5.4%) was observed at a V up of 0.43 m/h (HRT = 6 h). It was significantly higher than those measured at all other V up except 0.35 m/h (HRT = 7 h). Solids wash out may explain low removal efficiencies at high V up . On the other hand, the drop observed below 0.43 m/h could be ascribed to insufficient sludge-wastewater contact caused by channels in the sludge bed and/or lower biogas production (with a relatively constant influent concentration, the lower the V up , the lower the organic loading rate). The effect of V up and HRT on the removal of all COD fractions could give more insight into the processes involved.
SMA and VSS profiles in the anaerobic sludge
The SMA of the whole (mainly granular) sludge bed, averaged from 7 tests (one year of operation), was 0.1130 ± 0.0229 gCOD-CH 4 /gVSS.d, and the mean VSS content of the sludge bed was 29.98 ± 3.39 gVSS/L sludge . VSS concentration in the whole reactor was 19.87 gVSS/L reactor . As shown in Figure 3 5 cm in diameter) was observed in the middle part, where internal mass transfer limitations and the accumulation of inert organic material in the centre of the granules may explain low SMA observed (Alphenaar, 1994) . The volumetric (per litre of sludge) methanogenic activity in this part was sometimes higher than at the top or at the bottom. The SMA showed a clear trend to decrease at increasing VSS concentration (Figure 3 , right panel). If such a relationship is confirmed in full-scale reactors, VSS concentration could be a quick indicator of the sludge activity. The ratio VSS/TSS was approximately 0.5 in all measurements at different heights, an indication that the sludge was well stabilized. The characteristics of the sludge (SMA, VSS concentration, density, stability, etc.) and its destination (inoculum, soil conditioner, post-treatment, disposal) should be considered for rational sludge management.
Effect of V up on the sludge SMA and VSS concentration No significant differences in SMA and VSS have been detected in the sludge as a whole after applying V up of 0.85, 0.64, 0.43 and 0.28 m/h (HRT of 3, 4, 6 and 9 h, respectively) for at least one month each. The experiment lasted almost one year. This fact endorses the assumption that sludge characteristics are constant during considerable periods of time. SMA showed a slight trend to increase in time, while VSS concentration decreased ( Figure  4 ), in what could be a long-term adaptation of the sludge to local conditions (sewage concentration, temperature, mean HRT applied, etc.), irrespective of operational changes. In Figure 4 , large differences within the sludge bed in both SMA and VSS concentration are reflected in the CI. Methanogenic activity measurements at lower temperatures could be necessary to determine the behavior of the sludge bed under local conditions, and for design purposes (i.e. to estimate the real amount of biogas to be produced in full-scale reactors).
Conclusions
A system Settler + UASB reactor efficiently treated low-strength domestic sewage under subtropical conditions (mean sewage temperature = 21.6ºC). The effluent concentration was extremely low (68.5 mgCOD t /L) and in compliance with discharge standards. COD t and COD s removal efficiencies of 69.3 and 79.7%, respectively, have been observed in the system at a mean HRT of 2 + 5 h. The maximum COD t removal efficiency (63.5 ± 5.4%) was observed at a V up of 0.43 m/h (HRT = 6 h). A granular sludge bed developed in the UASB reactor, which had been inoculated with semi-digested sewage sludge. Mean SMA and VSS concentration in the anaerobic sludge were 0.11 ± 0.02 gCOD-CH 4 /gVSS.d and 30.0 ± 3.4 gVSS/L, respectively. SMA was inversely related to VSS, and both parameters varied along the sludge bed height. The SRT was about 450 days. Short-term (up to one month) changes in HRT can be assimilated by the UASB reactor without affecting the VSS concentration and SMA of the sludge, an indication of the stability of the process. This 
